Accurate knowledge of the velocity dispersion of Lamb modes is important for ultrasonic nondestructive evaluation methods used in detecting and locating flaws in thin plates and in determining their elastic stiffness coefficients. Lamb mode dispersion is also important in the acoustic emission 
INTRODUCTION
In propagating through solid materials, acoustic waves may have velocities that are dependent on their frequency. This dispersion may be due to the material behavior, such as in viscoelastic materials. It can also be caused by the influence of specimen geometry on the wave propagation. This is the case for waves propagating in plates, rods, and shells. Accurate knowledge of this dispersion is important for many acoustic based nondestructive evaluation techniques. In ultrasonic testing, the velocity and its dispersion are used to determine the depth or location of flaws. It is also used in measurements of elastic properties. Related techniques such as laser generated ultrasonics and acousto-ultrasonics also require information about the dispersion for interpretation of data. In acoustic emission (AE), the velocity is needed to determine the location of the source of emission. As pointed out by Ziola and Gorman 1 , if not taken into account, highly dispersive propagation can lead to large errors in source location in AE testing.
In this study, the ability to determine group velocity dispersion of Lamb modes by using a time-frequency analysis method, the pseudo Wigner-Ville distribution (PWVD), was demonstrated. The technique was first applied to a simulated, broadband acoustic waveform in an aluminum plate. The technique was then applied to experimental waveforms from a unidirectional Journal of the Acoustical Society of America W. H. Prosser, M. D. Seale, and B. T. Smith graphite/epoxy (AS4/3502) laminate. The broadband acoustic waves were generated by a pencil lead fracture (Hsu-Neilsen source) and were detected with broadband, contact, ultrasonic transducers. Measurements were made at several source-to-detector distances. A least squares fit was used to calculate the velocity for the lowest order symmetric and antisymmetric modes contained in the waveforms. Results are presented for propagation along, and perpendicular to, the fiber direction.
Theoretical dispersion curves were also calculated and compared to the experimental measurements.
Time-frequency analyses such as the PWVD can offer several advantages for velocity dispersion measurements in comparison to more traditional techniques. For example, they can be applied to broadband signals so that as little as one measurement may be required to determine the velocity of multiple modes over a wide range of frequencies. This can be of significant importance when access time to specimens for measurements is limited, or when measurements are required for a large number of specimens. Another important advantage is the ability to analyze signals containing multiple propagation modes and/or reflections which superimpose and interfere in the time domain. These multiple modes and reflections can be separated in time-frequency space. The PWVD also provides a direct measurement of group velocity dispersion which may be the desired quantity in certain applications such as the recently developed AE source location technique from Ziola and Gorman 1 . Although, in theory, the group velocity can be obtained from phase velocity dispersion measurements, small measurement errors in the phase velocity can propagate into significant errors in the calculated group velocity.
For Lamb mode dispersion measurements, there is another advantage in that immersion of the plate is not required. Direct contact ultrasonic sensors can be used. This is in contrast to corner reflection and leaky Lamb measurement techniques which have been widely used by Mal et al. 2 
wtω , include the fact that the frequency resolution is only 1/4 of that obtained by the DFT. Additionally, the Wigner distribution produces complicated and unexpected results when more than one frequency component is contained in a signal. "Noise," or the appearance of signal in the Wigner distribution at frequencies and times not actually contained in the waveform, is produced. It is caused by interference which consists of cross terms from the multiple frequency components and it makes interpretation of results very difficult. The final undesirable characteristic is that this distribution may take on negative values which do not have physical meaning. This most often occurs as a result of the interference discussed above.
A couple of solutions are available to overcome the first limitation, that is, the more restrictive sampling frequency requirement. The first and most obvious is to sample at the higher frequency.
Hardware limitations in some situations may make this impractical. Also, once the data has been acquired at a given sample rate, it may not be possible to reacquire it at a faster rate. Thus, another solution was proposed by Ville 21 and is discussed by Jeon and Shin 18 and Boashash 20 , among oth- Another approach is used to minimize the effects of interference terms or "noise" in the distribution. This is the application of smoothing to the distribution. According to Jeon and Shin 18 ,
this emphasizes deterministic components and reduces those due to interference. A Gaussian win- 
II DISPERSION FROM A SIMULATED WAVEFORM
The ability to measure Lamb mode dispersion from time-frequency analysis was first tested on a simulated acoustic waveform 22 . A finite element method, developed by Hamstad and Gary 23, 24 for the prediction of acoustic emission signals in plates, was used to generate the simulated signal. A two-dimensional finite element formulation was used to model a surface loading source at the center of a circular plate. The radius of the plate was 0.5715 m, the thickness was 6.35 mm, and the receiver was at a distance of 0.254 m from the source. The force time response was linear with a rapid rise time of 0.1 µs, rising to a constant peak value of 1 N. The material properties of aluminum from Kolsky 25 were used. These were a density of 2700 kg/m 3 , longitudinal wave velocity of 6320 m/s, and shear wave velocity of 3100 m/s. In the finite element model, 100 cells were used through the plate thickness providing an equi-axial cell size of 0.0635 mm. The resulting simulated signal was sampled at 10 MHz.
As discussed by Gorman and Prosser 26 , sources normal to the plate surface, such as that modeled in this calculation, and the pencil lead break used in the experiments, produce signals with very large, low frequency A 0 mode components. These large amplitude components make it difficult to detect and analyze the higher frequency, smaller amplitude, components of other modes. In the analysis of the simulated waveform, a 20 kHz highpass Bessel (fourth order) digital filter was w′ w′ rm , () ∆t∆w 
where P is the number of points in the original waveform. A square smoothing window was used with j and k both set equal to 37 to satisfy this equation.
The resulting three dimensional data of the distribution can be visualized in a number of ways. It can be displayed as contour plots, 3D surface plots, or as grey-scale or false color images.
The latter approach was used in this work, where the color at a given x and y point in the image represents the amplitude of the distribution at a particular time and frequency. Due to the large For a given mode of propagation, the arrival time was determined as a function of frequency from the corresponding peak in the PWVD. However, there were several factors which affected the accuracy of this peak determination. First, for a given frequency, there were often several peaks in the PWVD, which corresponded to the arrivals of different modes of propagation. These peaks sometimes had significantly different amplitudes. A simple, amplitude based peak determination routine was insufficient for these calculations. Instead, an image processing approach was used to initially determine the approximate value of peaks at different frequency points for a given mode.
A point and click selection tool (in NIH Image) was used to obtain approximate peak locations at selected frequency points. These frequency and time values were saved into a text file which was then used as input for a peak determination program. In the peak determination program, linear interpolation was used to provide an estimate of the peak times for all of the frequency values between those selected with the image processing program. In the PWVD image for the simulated waveform in Fig. 2 , the peak values selected for the S0 mode along with the linear interpolations between the points are also shown. Then, for each mode and at each frequency point, a simple peak search routine was used to find the time for the actual peak within a predefined neighborhood of the approximate value. For these calculations, a window of ± 15 points in time (± 6 µs) was used to define the allowable neighborhood for the peak search routine.
Journal of the Acoustical Society of America W. H. Prosser, M. D. Seale, and B. T. Smith Another problem in determining the time for the peak was the limited time resolution of the PWVD. The reduction from the 4096 point, 0.1 µs sampled waveform, to 1024 points in time resulted in a resolution of only 0.4 µs for the PWVD. To improve the resolution in determining the peak, and thus the arrival time and resultant group velocity, a seven point cubic spline fit was used.
The final problem in peak determination was background "noise" in the PWVD calculation.
Smoothing reduced, but did not entirely eliminate, the problem of cross terms from multiple frequency components. This background "noise" made the peak determination more difficult, particularly for smaller amplitude signal components. The group velocity dispersion was then calculated using the measured peak times (i.e. arrival times) as a function of frequency for the different modes, together with the known propagation distance. For the simulated waveform, the propagation distance was known exactly with no experimental uncertainty. The results are plotted in Fig. 3 , along with the known group velocity dispersion curves for these modes in aluminum. As can be seen in this figure, the agreement between the PWVD calculated dispersion and theoretical curves for the S 0 and A 0 modes was excellent. For the A 1 and S 2 modes, the agreement was not quite as good. The effect of the background noise in the PWVD calculation, together with the much smaller amplitudes of these modes, resulted in larger discrepancies between calculated and theoretical velocities. and group velocity dispersion curves for these anisotropic, laminated composite plates were generated using a method from Dong and Huang 30 and Datta et al. 31 For these theoretical dispersion calculations, nominal material properties, which were obtained from the manufacturer and are listed in Table I 
III EXPERIMENTAL RESULTS FOR A COMPOSITE PLATE

FIG. 3
Group velocity of Lamb modes measured from PWVD analysis of a simulated waveform in aluminum plate compared to theoretical Lamb dispersion curves.
FIG. 4
Typical signal generated by a lead break source in a gr/ep plate identifying S 0 and A 0 Lamb mode components. 
